Introduction
Salmonella-contaminated poultry products are a worldwide problem because of the pathogenicity for both humans and birds. The use of antibiotics and vaccines to control Salmonella infection in chickens has been criticized because of the possible development of antibiotic resistant bacteria, and the potential dangers of antibiotic and vaccine residues in animal-derived food products for human consumption. The enhancement of natural genetic resistance is, therefore, an alternative approach to control Salmonella in poultry. As proposed by Vint (1997) , changes in the virulence of pathogens, concentration of poultry in larger production units, and failure of pathogen eradication in most commercial operations require genetic approaches to improve disease resistance. Genetic improvements in disease resistance may increase immune responses, and reduce the use of antibiotics and drug residues in food products.
A number of studies illustrate a lot of research that has been carried out on genetic resistance to Salmonella in relation to pathogen load, survival and frequency of colonization in chicks. Studies have demonstrated the polygenic nature of disease resistance to Salmonella enteritidis (SE) in poultry (e.g. Bumstead & Barrow 1993; Lindell et al. 1994; Protais et al. 1996; Girard Santosuosso et al. 1998; Kramer et al. 2001) . Candidate gene analysis is an efficient approach to dissect the genes that influence various aspects of disease resistance to Salmonella, because much is known about the system in mouse and humans. So far, however, only a few candidate genes or regions with an association for differences in Salmonella resistance or ability to withstand the consequences of the infection have been identified in chickens. Natural resistance associated macrophage protein 1 (SLC11A1, previously known asNRAMP1) and TNC (a locus closely linked to the LPS gene in the mouse genome) showed a significant association on early resistance to Salmonella (Hu et al. 1997; Liu et al. 2003) . Another region that was identified on chicken chromosome 5 showed a large effect on resistance to Salmonella (Mariani et al. 2001) . Cotter et al. (1998) showed that the B-complex determined part of the differential resistance to SE. Furthermore, Lamont et al. (2002) and W. Liu & S.J. Lamont (in preparation) described associations on early resistance to Salmonella in chicks with inhibitor of apoptosis protein 1 (IAP1), prosaposin (PSAP) and caspase 1 (CASP1). These studies showed significant associations to Salmonella challenge, however, limited studies report about gene association studies to Salmonella challenge in different genetic groups of meat-type chicken. Furthermore, few candidate genes have been investigated in multiple populations, a key feature in validating candidate genes. The objective of this study was to evaluate 12 candidate genes, using polymorphism assays developed by the group of S.J. Lamont (Zhou et al. 2001a; Lamont et al. 2002; Li et al. 2002; Malek & Lamont 2002; Liu et al. 2003; W. Liu & S.J. Lamont in preparation) and applied in their resource populations, in response to pathogen load after a SE challenge in genetic groups of meat-type chicken at the age of 3 weeks.
Materials and methods

Experimental animals
Five different genetic groups of meat-type chicken were used for this experiment (Table 1) . They included two Old Dutch Breeds, group 1 (Barnevelder), obtained from IPC Dier, (Barneveld, The Netherlands) and the Barnevelderclub (Dronten, The Netherlands) and group 2 (Noord Hollandse Blauwe) obtained from IPC Dier and the Assendelfter and Noord-Hollandse Blauwenclub (Heiloo, The Netherlands). These Breeds have a high mature body weight, although the weight of these chickens is much lower than that of mature, ad libitum fed broilers. Furthermore, three outbred broiler groups were included, group 3 (meat-type), group 4 (meat-type but also selected for reproduction), and group 5 (offspring of the group 3 · group 4 cross). Groups 3-5 were kindly provided by Hybro B.V. (Boxmeer, The Netherlands). In total, 339 birds of all groups (both males and females) were challenged with SE at the age of 3 weeks. Animals were killed at 4-, 7-and 10-day post-infection to quantify the SE load in caecum content, spleen and liver (J. Kramer, J.A. Wagenaar, S.H.M. Jeurissen & A.H. Visscher, in preparation) . For the current study, 117 animals were used that were killed 7-day post-infection, as shown in Table 1 . Within each group, half-sibling progeny of different numbers of sires were selected (Table 1) . After hatching, chicks were housed in wire-bottom cages, where each group was housed separately. Animals were given ad libitum access to feed and water and were observed daily. After hatch, it was determined that birds were free of Salmonella. All chickens were cared for in accordance with accepted procedures of the Dutch law on animal welfare.
Salmonella pathogenic challenge and quantification of bacterial load
Salmonella enteritidis phage type 4 [nalidixic acid (Nal) resistant] was grown in buffered peptone water (BPW) overnight at 37°C with shaking at 150 rpm. Three-weekold chickens were orally infected with 1.0 ml of a bacterial challenge suspension with 5.5 · 10 8 SE colony forming units (CFU) (J. Kramer, J.A. Wagenaar, S.H.M. Jeurissen & A.H. Visscher, in preparation). After measuring total body weight, the birds were killed at 7-day postinoculation by cervical dislocation, and liver, spleen and caecum were removed for bacteriological examination.
Bacteriological examination
One gram of caecal content of each bird was homogenized in 9 ml BPW, serial diluted in BPW, and plated onto brilliant green agar with nalidixic acid (BGA-Nal + ) for quantitative SE determination. These BGA plates and the 10 )1 dilution of the homogenate were incubated at 37°C.
When at the lowest dilution no bacteria were found, the enriched 10 )1 dilution was plated on BGA-Nal + . Similarly, 1 g of liver or spleen tissue of each broiler was ground separately in 9 ml BPW in a Colworth Stomacher 400 (A.J. Steward company Ltd., London, UK) for 30 s, followed by selective plating with serial dilutions on BGA-Nal + , as described above.
Isolation of DNA and polymerase chain reaction-restriction fragment length polymorphism
Chicken genomic DNA was isolated from venous blood collected in ethylenediaminetetraacetic acid (using QIAamp DNA mini Kit, Westburg, Leusden, The Netherlands). All candidate genes were analysed in the Iowa resource populations and were described previously (Zhou et al. 2001a; Li et al. 2002; Malek & Lamont 2002; Liu et al. 2003 Table 2 ). The PCR was performed for 36 three-step cycles at 94°C for 45 s, optimal annealing temperature ( Table 2) for 1 min and 72°C for 1 min. For sequence analyses, amplified products were purified using a MICROCONÒ centrifugal filter (Milipore Corporation, Bedford, MA, USA). Nucleotide sequencing was performed by the DNA Sequencing and Synthesis Facility (Iowa State University, Ames, IA, USA). For each gene at least three different randomly selected animals were sequenced to confirm the single nucleotide polymorphism (SNP) that was found in the Iowa resource populations. For polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) analyses, restriction digestion of each SNP, a total final reaction volume of 20 ll was used (Table 3 ) and incubated for 4 h to overnight. Separation was by electrophoresis through 1.5-3.0% agarose gels. For each gene, all animals of each group were genotyped.
Data analysis
Restricted maximum likelihood (Genstat 5, Release 4.2, 5th edn) analysis was used to analyse the association between the different genes and the SE counts in caecum, liver and spleen. To enlarge the power of the analysis, the Old Dutch Breeds were clustered together, and the three broiler groups were clustered together. This was because of the similarities in genetic background of the different groups in the two clusters and the way in which these clusters of different groups responded to SE infection (J. Kramer, J.A. Wagenaar, S.H.M. Jeurissen & A.H. Visscher, in preparation) . Each cluster was analysed separately for each gene. To improve the homogeneity of the parameters, the SE counts from the organs were log transformed ( 10 log). After log-transformation the data were more normally distributed for the statistical analysis. The statistical model used to test the effects of the m genotypes at the l th gene:
Where Y ijkmn is the trait observed on the nth individual of sex j from sire k within cluster i to test the effect of genotype m at gene l, whereby l is the overall mean, cluster, sex and genotype were fixed effects and sire was taken as a random effect. Furthermore, if a group was homozygous for a gene, that group was excluded from the cluster in the analysis of that gene. Beside the single gene effect, several interactions between genes were tested to investigate if genes interacted significantly. Therefore statistical model 2 was used to test the effects of the interaction between two genes with genotypes m and o:
Interactions were only tested for genes that could be linked based on physiological knowledge; inducible nitric oxide production(iNOS) · SLC11A1; TGFB2 · TGFB3; TGFB2 · TGFB4; TGFB3 · TGFB4; IAP · PSAP.
The portion of phenotypic variation that is explained by the genotypic variation at each gene was calculated for each trait, caecum, liver or spleen bacterial load. Therefore, Model 1 was taken as a full model, and a reduced model (Model 3) was build with only group and sex (fixed effects) and sire (random effect) as explanatory variables. Then, the proportion of the phenotypic variation in the trait was described by the genetic variation at the particular gene of interest, and was calculated as 100% · (R 2 of model 1 minus R 2 of model 3). Because sire was taken as a random effect, the proportion of the phenotypic variation will not be absolutely correct, the value can be underestimated. However, it gives an indication about the effect of the gene accounted for the phenotypic variation.
Results
Genomic sequence characterization
All PCR-RFLP assays used in the current study were developed at Iowa State University using the Iowa resource ]. In the current study, unrelated Dutch meat-type chicken groups were used to investigate associations of candidate genes with SE resistance. All SNPs characterized by PCR-RFLP assays previously were present in these groups. Although a few new SNPs were found, sequence analysis showed that the majority of the polymorphic sites found in 12 candidate gene sequences of the Dutch population were already described in the Iowa resource population. For each gene three different genotypes (with two specific alleles) were found in the Dutch population and confirmed the data found in the Iowa resource population, as presented in Tables 3-6. Only one polymorphism described previously by Zhou et al. (2001a) on the immunoglobulin light chain (IGL) gene was changed, but on the same position. In the current study an A/G mutation was found 60 bp upstream of the octamer sequence, and Zhou et al. (2001a) described a T/C mutation at the same position. The associations of the candidate genes with SE load in caecum, liver and spleen are summarized in Tables 4-6 , respectively. Overall, most significant associations with the 12 candidate genes were found with SE counts in caecum (in both Old Dutch Breeds and broilers). However, as many statistical tests were performed to calculate the association between the genes and the phenotype, false positive results will arise (probably one or two per table).
Association of the genotypes with Salmonella response with the candidate genes
The silent mutation located at Ser 379 in SLC11A1 (Table 3) showed a significant association (P < 0.01) with caecum SE load in both clusters, Old Dutch Breeds and broilers, and a significant association (P ¼ 0.05) with liver SE load in broilers. The genotype CC was correlated with a higher SE load in caecum and liver in broilers and hence the genotype TT was correlated with a lower SE load in broilers (Table 4 and 5). The polymorphisms of IAP1 (silent mutation located at Ala 157 , Table 3 ), PSAP (silent mutation located at Gly 271 , Table 3 ) and CASP1 (polymorphism in promoter region, Table 3 ) showed significant associations with SE load in caecum in broilers. Moreover, PSAP also showed an association with SE load in caecum in Old Dutch Breeds, and CASP1 showed a significant association with liver SE load in broilers. The genotype GG tended to have a higher SE load in caecum than the genotype AA for IAP1 and PSAP (Table 4) . For CASP1, all Old Dutch Breeds were homozygous (CC). The genotype TT of CASP1 in broilers showed higher SE counts in caecum than the genotype CC (Table 4) . Most animals of all groups had the CC or CT genotype of the polymorphism found in iNOS, only three of 117 animals tested had the genotype TT (Table 4-6). Significant associations were found with bacterial counts in caecum in Old Dutch Breeds (P < 0.001, Table 4), and within the broiler groups iNOS tended to have an effect in caecum SE load (P ¼ 0.12, Table 4 ). Comparing the CC genotype with the CT genotype in all organs, it appeared that the CC genotype was associated with a higher SE load in caecum (Table 4) .
For interferon-gamma (IFNG), all animals of group 1 were homozygous (GG) for the promoter region, and only six of 117 birds had the genotype AA. Furthermore, no significant associations were found for bacterial load in the organs. Animals of group 4 were homozygous AA for the SNP investigated in the promoter region, -425 bp of the 5¢ flanking region of interleukin-2 (IL2). Furthermore, group 3 only had genotypes AG or GG, and group 5 only AA or AG. An association of IL2 with SE load in liver was found for both Old Dutch Breeds (P ¼ 0.03) and with SE load in caecum and liver for broilers (P < 0.002; Tables 4  and 5 ). Because of the unequal distribution of the various genotypes of IL2 between the groups and the clusters it is not possible to make any suggestions about the genotype that would be associated with a higher SE load (Tables 4-6 ).
The polymorphism in the promoter region of IGL had an association (P < 0.05) with SE counts in caecum and liver tended to be associated with caecum (P ¼ 0.07) and liver (P ¼ 0.08) SE load of the Old Dutch Breed, group 2, as all other groups were homozygous. Results suggest that the genotype AA of ZOV3 is associated with a higher SE load in caecum, but somewhat lower in liver and spleen (Tables 4-6 ). Both Dutch Breeds were homozygous for TGFB2. A significant association (P ¼ 0.001) for the polymorphism located on -1667 bp of 5¢ flanking region of TGFB2 was found for caecum SE load in broilers. Results suggest that the genotype CC is associated with a higher SE load in caecum, but somewhat lower in liver and spleen (Tables 4-6). Only groups 2 and 3 were heterozygous for the polymorphism of TGFB3 at -171 bp of exon 5. A significant association for TGFB3 was found of spleen SE load for group 2, as group 1 was homozygous for AA. The amino acid change from Glu 210 to Asp 210 of TGFB4 resulted in significant associations of Old Dutch Breeds and broilers with caecum and liver SE counts (P < 0.05). Comparing the various genotypes, it appeared that the genotype CC had a higher SE load in caecum and liver than chickens with the genotype AA for TGFB4 (Table 5) .
Several interactions between genes were tested, only the interaction between iNOS and NRAMP in the Old Dutch Breeds showed a significant interaction with SE load in caecum (P ¼ 0.03).
Phenotypic variation
For each trait, the proportion of the phenotypic variation that is explained by the genotypic variation at each gene is shown by phenotypic variation (%) in Tables 4-6 for respectively SE load in caecum content, liver and spleen. Overall the phenotypic variation explained by each gene is small, most of the phenotypic variation varies between 4 and 8% for each gene for SE load in the three organs.
Discussion
In this study, associations of 12 candidate genes were investigated separately with SE load in caecum, liver and spleen after an experimental infection of 3-week-old meattype chickens. Although not all polymorphisms examined resulted in an amino acid substitution, significant associations or tendencies were found for all candidate genes. This might be due to linkage to functional polymorphisms in same or nearby genes. All the gene SNP tests were developed at Iowa State University, using Iowa resource populations, containing broilers, leghorns and fayoumi lines, and with this study confirmed in the Dutch population. As these populations are unrelated, these results validate the association of these candidate genes with SE response. The results also suggest that there is not much variation in these genomic regions between different populations. The SLC11A1 is a membrane transport protein, which regulates intracellular growth of various pathogens (Hu et al. 1996) . The SLC11A1 showed a significant association with bacterial load in caecum in the current study, and there tended to be an association with bacterial load in spleen and liver. The same polymorphism was previously described by Liu et al. (2003) , and they report a significant association of SLC11A1 with Salmonella load in spleen in young chicks. Because the SNP is silent, it may be linked to causal mutations that differ in allelic association between populations. Three other genes are also involved in the pathogenesis of Salmonella. IAP1 and CASP1 are involved in the apoptotic pathway when intracellular bacteria interact with host cells (You et al. 1997; Deveraux & Reed 1999) and PSAP was selected as a positional candidate (Schmid et al. 2000; Kaiser et al. 2002) . PSAP generates saposins that are activators of lysosomal enzymes (Madar-Shapiro et al. 1999) . Lamont et al. (2002) and W. Liu & S.J. Lamont (in preparation) also studied the genes IAP1, CASP1 and PSAP, and showed an association with both caecum and spleen bacterial load with CASP1, and an association with spleen bacterial load with IAP1 and PSAP. In the current study, significant associations with SE load were found for IAP1 and PSAP in caecum and of CASP1 in caecum and liver.
Inducible NOS is involved in the L-arginine pathway that produces, for example, nitric oxide (NO). Nitric oxide is mainly produced by activated phagocytes and acts as a cytotoxic agent (Schmidt & Walter 1994) . Macrophages from chickens of different genetic background differ in iNOS activity, expression and regulation (Hussain & Qureshi 1997, 1998) . The significant effect of iNOS on SE load in caecum might reflect the importance of this gene in genetic resistance to SE. Another interesting finding in the current study was a significant interaction between iNOS and NRAMP in the Old Dutch Landraces for SE load in caecum. Both of these genes are important factors produced by macrophages that might interact at a molecular level. Two cytokines, IL2 and IFNG were investigated. Interleukin-2 induces the proliferation and differentiation of T, B and NK cells (Janeway & Travers 1997) and IFNG increases the expression of MHC Class I and Class II molecules that modulate the immune response (Janeway & Travers 1997) . These two cytokines were described in an association study with antibody response kinetics (Zhou et al. 2001a) . It is likely that the cytokines, IL2, which induces growth of T-, B-and NK-cells, and IFNG, which is the main macrophage activating cytokine, might play an important role in the Salmonella load in the various organs. This was confirmed with the association found for IL2 with SE load in both caecum and liver, moreover there tended to be an association between the SE counts in spleen and caecum and IFNG.
Genes IGL and ZOV3 are members of the immunoglobulin superfamily (Kunita et al. 1997; Zhou et al. 2001a, b) IGL and ZOV3 are important in, for example, interactions with antigen-presenting cells. In this study, both IGL and ZOV3 were associated with SE load in caecum and liver. In a previous study, these genes were significantly associated with antibody response kinetics (Zhou et al. 2001a) . A family of genes that are essential in all kinds of basic biological processes are TGFB genes (for review see Newfeld et al. 1999; Massague & Chen 2000) . In this study, significant associations of the various TGFB genes were found with caecum, liver and spleen SE load. Significant associations of these genes on growth and composition and antibody kinetics were previously described in Iowa resource populations (Li et al. 2002; H. Zhou personal communication) . In the current study, no significant interactions were found between these genes and one of the traits according to SE load measured. Thus, besides the effect of these genes on growth and composition (Li et al. 2002) and antibody kinetics (H. Zhou personal communication), these genes might effect the Salmonella load in various organs.
After calculating the phenotypic variation explained by each gene, it appeared that the effect of each gene in Salmonella resistance is small. Most of the genes explained 4-8% of the phenotypic variation. Moreover, there is a lack of agreement between the significance the trait and the phenotypic variation. Most likely this is because of the number of birds in the analyses. This could also be expected, because Salmonella resistance is known to be a polygenic trait, tendencies or significant associations were found for all genes investigated in the current study. Resistance to Salmonella depends on many factors, the invasion of Salmonella, the adherence of Salmonella to cells, and the activity of the immune system, and most of these factors are also dependent on age. Thus, most likely, there are a lot of factors that can influence resistance of a chicken to Salmonella. The heritability of Salmonella caecal carrier state was estimated around 0.06 (results of direct culture) and 0.20 (after enrichment; Berthelot et al. 1998; Beaumont et al. 1999) . Heritabilities in spleen were estimated around 0.10-0.32, and heritabilities in liver were low, <0.05 (Beaumont et al. 1999; Girard Santosuosso et al. 2002) . Thus although the phenotypic variation was low, the heritability for these traits was not high either (mainly for Salmonella load in caecum and liver), which might suggest that the phenotypic variation found for the various genes could be relevant. However, all genes were calculated separately, they were not all included in one model, thus the phenotypic variation of each gene cannot be summed together to calculate the total variation. Additionally, there is a lack of agreement between the significance the of traits and the phenotypic variation (Tables 4-6), most likely this is because of the low number of birds in the analyses. Overall, for genetic selection of Salmonella resistance, multiple genes should be selected to enhance the effect and to receive the optimum result.
The investigated candidate genes play an important role in part of the immune system after Salmonella infection, and most of these genes showed an association with salmonella counts in one of the organs. Overall, most significant associations were found between candidate genes and caecum SE load. This was unexpected, because spleen is an important immunological organ, and thus we expected more associations with spleen bacterial counts. However, the caecum also plays an important role in the dissemination of Salmonella throughout the body of a chicken, and it provides a sampling of the bacterial load in the digestive tract, which is responsible for horizontal transmission of Salmonella. Moreover, in the current experiment, only the infection at 7-day post-infection was investigated. It is quite possible that other organs will become significant at different time stages, as a consequence of the time course of the infection.
Additionally, there are some inconsistencies between populations or infection sites within the current study, and between this study and other studies (like the Iowa resource populations), with different genotypes having the highest or lowest values. These inconsistencies in sites and populations can be caused by the differences between these populations, in how they respond to an infection. Moreover, it is likely that the age of a bird and probably the infection dose will also be involved in how an animal respond to an infection, and what part of the immune system will be activated. These factors, together with the differences in genetic background might have caused the inconsistencies between the infection sites and populations.
These results suggest that it is possible to select for genes that result in a specific trait like lower Salmonella count in caecum. This might decrease the development of a systemic infection and the spread of Salmonella throughout the flock. The findings of the current study make the investigated genes informative and important in genetic resistance to Salmonella, and thus interesting to use for breeding strategies. However, as there might be some inconsistencies between the genotypes to select for, between populations, it is important to perform an association study in the population of interest. Moreover, further research needs to be conducted to confirm that these genes are actually causative genes.
